Method for Full Bloch-Sphere Control of a Localized Spin via a Single Electrical Gate 
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We calculate the dependence on an applied electric field of the g tensor of a single electron in a 
self-assembled InAs/GaAs quantum dot. We identify dot sizes and shapes for which one in-plane 
component of the g tensor changes sign for realistic electric fields, and show this should permit full 
Bloch-sphere control of the electron spin in the quantum dot using only a static magnetic field and 
a single vertical electric gate. 



Manipulating individual spins in solids requires quickly 
and coherently reorienting localized spins while leav- 
ing neighboring spins unaffected [if]. Difficulties con- 
fining oscillating magnetic fields have motivated alter- 
nate approaches that use electric fields to change the 
local magnetic environment, including moving an elec- 
tron within a hyperfine field gradient or fringe- field 
gradient [3;] . Higher temperatures require spins to be lo- 
calized in much smaller quantum dots, where these tech- 
niques are less effective. In contrast, approaches that 
couple the spin to an electric field via the spin-orbit 
interaction (1. TIL Irj \§L l9t]Tol. [TTj| . especially via g tensor 
manipulation techniques |9j, should be scalable to small 
dots with large confinement. Here we calculate the g ten- 
sor of a single electron in a small quantum dot and show 
the symmetry of its electric field dependence permits full 
Bloch sphere control of the spin using an electric field 
applied in a single direction. We find the spin manipula- 
tion frequency of an InAs/GaAs QD in 1 Tesla exceeds 
150 MHz. 

The energy difference between a spin-up and spin-down 
state (Zeeman energy) of an electron in a zincblende 
direct-gap semiconductor depends on the band gap and 
spin-orbit splitting in the material fl2l]. The Zeeman en- 
ergy thus can be modulated in a semiconductor het- 
erostructure, even for a static magnetic field, by changing 
the overlap of the electronic wave function with different 
materialsfg, 0, H, Ql|. Other contributions in a system 
of low symmetry, such as a quantum well or quantum 
dot (QD), produce very different Zeeman energies from 
the same magnetic field when it is applied along different 
principal axes 13], as described by the Hamiltonian 
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Here e is the electron charge, m e its mass, S is the elec- 
tron spin operator, g is the Lande g tensor, B is the 
magnetic field, h is Planck's constant and f2 is the spin 
precession vector. From Eq. ([1]), a change in the Zee- 
man energy in a static magnetic field corresponds to a 
change in the g tensor. As the g tensor changes due to 
a changing applied electric field in a semiconductor het- 
erostructure, the spin precession vector $7 changes both 
its magnitude and direction, permitting reorientation of 
the spin. An oscillating electric field produces an os- 
cillating transverse f2, which allows resonant control of 
the spin orientation in a static magnetic field, as demon- 
strated in quantum wells @. As these manipulations only 



require electric-field modulation, traditional high-density 
electric gate design strategies may be applicable to high- 
density arrays of single-spin devices. 

Several significant challenges stand in the way of ma- 
nipulating single spins using these methods. The strong 
confinement in QDs leads to a quenching of the orbital 
motion of the electron, driving the components of the 
g tensor towards the free-electron value of 2, and reduc- 
ing the potential modulation of the g tensor in an electric 
field [1J]. The long spin coherence times for electrons rel- 
ative to holes |2|, |l5j, ll6| favors their use as coherent single- 
spin entities. However, due to the greater effective con- 
finement of electrons in a quantum dot, the electric-field 
tunability of the electron g tensor would be much smaller 
than the corresponding tunability for holes or excitons. 
Furthermore, to be able to conveniently and rapidly re- 
orient the spin to any direction on the Bloch sphere, the 
ability to generate precession around two orthogonal axes 
is highly desirable, which might be expected to involve 
independent control of two electric fields. Manipulat- 
ing an electric field along two directions in a nanoscale 
device would make the high-density integration of single- 
spin devices considerably more complex. We find that 
tall dots provide sufficient tuning for 150 MHz spin ma- 
nipulation, and that full Bloch sphere control is possible 
with a single vertical gate. 

We now consider a single electron in an InAs/GaAs 
dot in a static magnetic field, with a series of electric 
fields applied by a top gate which will re-orient the spin 
in an arbitrary direction (Fig. [1]). The growth direction 
is [001] and the principal axes of the g tensor are [001], 
[110], and [110]. We will refer to the values of g along 
these principal axes as the g tensor components. The 
magnetic field lies in the [001]-[110] plane, for reasons de- 
scribed later. The initial field E\ gives an tt(Ei) parallel 
to the [001] direction (Fig. [lja)), allowing efficient spin 
initialization by optical illumination [TBI. Ht| . and stabi- 
lizing the spin polarization until it is time to manipulate 
the spin. Guaranteeing this orientation of fl(Ei) for the 
magnetic field shown in Fig. [1] requires g[iio] (Ei) = and 
g[ooi](^i) 7^ (here assumed < 0). Figs.QJbc) show the 
quantum dot's spin dynamics in response to the electric 
fields E2 and £3, which produce spin precession vectors 
along two perpendicular axes. Fig. QJd) returns the elec- 
tric field to Ei . The polarization of the single spin along 
[001] can now be measured optically, e.g. by Faraday or 
Kerr rotation [H 03 . 
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FIG. 1: Sequence of applied electric fields for injection, ma- 
nipulation, and detection of an electron spin in a single quan- 
tum dot. (a) for electric field E\ the spin precession axis 
Sl(Ei) is parallel to [001], easing optical spin injection, (b) 
for electric field E2 the spin precession axis Sl(E%) rotates 45° 
towards the [110] direction, (c) for electric field E3 the spin 
precession axis ft(Es) is perpendicular to Sl(E2). (d) return 
to an electric field E\ eases optical measurement of the spin 
polarization along the [001] direction. 



The two perpendicular spin precession vectors shown 
in Fig. [ljbc) are central to achieving full Bloch sphere 
control of the spin. The condition that two spin preces- 
sion vectors are perpendicular, 0(£ , 2) • 0(^3) = 0, can 
be rewritten using Eq. ([T]) as 

= g[ool](-E2)g[001](#3)£fooi] +g[110](#2)g[110] (£3)^10] 

(2) 

for -Bjjjo] = 0. Equation ^ can only be satisfied if one 
(and only one) of the g tensor components changes sign, 
which should be gmo] to permit the desired configura- 
tion in Fig. [TJa). For B pointing in an arbitrary di- 
rection either one or two components of g must change 
sign. A change in sign for a component of g has been 
demonstrated experimentally in quantum wells [8(, but 
the observed changes of g in quantum dots have been 
very small [Til] . A change in sign with magnetic field has 
been predicted theoretically for large quantum dots (2(J. 
Here we rely on a change in electric field to change the 
sign, which is suggested by the height-dependence of the 
in-plane components of the g tensor [Til]. This effect was 
also hinted at by the difference in sign between growth- 
direction g tensor components calculated for spherical 
and semispherical CdTe dots [21]. Thus we find that to 
achieve full control over a spin with only a single, growth- 
direction electric field, as shown in Fig.[ljbc), one compo- 
nent of the g tensor must change sign. That component 
would be preferably along an axis perpendicular to the 
growth direction. 

We now describe our calculated results of g for a broad 
range of InAs/GaAs quantum dots, and find many dots 



for which one in-plane component of the g tensor changes 
sign with applied electric field. Our evaluation of the 
precession frequency of the spin in these dots under the 
conditions of Fig. [TJbc) yields ~ 150MHz in a 1 Tesla 
field. The precession frequency scales with the magni- 
tude of the applied magnetic field, so a reasonable labo- 
ratory field can produce a precession frequency in excess 
of 1 GHz. 

We calculate the electron g tensor in the dots using a 
strain-dependent 8-band k • p model 22] solved in real 
space [23j that includes both the orbital and the spin 
effects of the magnetic field in a lattice gauge theory 
formulation [14]. To calculate a g tensor component along 
a principal axis ([001], [110], or [110]), a 1 Tesla field 
is applied along the corresponding axis and the energy 
splitting between the two lowest-energy spin-dependent 
conduction states is determined. The sign of each g ten- 
sor component was found by computing < ip\8 • B\ij) > to 
determine the spin alignment. 

The electric-field dependence of the g tensor compo- 
nents is shown in Fig. [2] for a dot with a geometry 
favorable for spin manipulation for the magnetic field 
shown in Fig. [TJ The lens-shaped dot has a height of 
6.2 nm, with a base elongated along the [110] direction 
so that the dot diameters in the in-plane directions dif- 
fer: rffno] = 15.6 nm and d\iXo] = 9-2 nm - Dot height- 
to-base aspect ratios and elongations such as this can 
be achieved by manipulating growth conditions. Even 
larger height-to-base aspect ratios are possible using pil- 
laring techniques 24( . A key feature of this dot is that 
g[no] = for an electric field (~ 50 kV/cm) considerably 
below the breakdown voltage of the host semiconductor 
(> 200 kV/cm). As the dot shape is not symmetrical 
along the [001] direction the response to the electric field 
is not symmetric around E — 0, and has a sizable E- 
linear dependence. This effect will occur for all asym- 
metric dots, including lithographic dots, but to a differ- 
ent degree. All electric fields considered in Fig. [3] are 
less than half the typical breakdown field of GaAs. The 
sign of all the g tensor components is negative at E = 0. 
We can select from Fig. [3] the values of the electric field 
that correspond to the panels in Fig. [TJ Fig. QTa) and 
(d) correspond to E\ — 50kV/cm, for which g[no] = 
and il is parallel to [001]. Fig. UJb) corresponds to 
E 2 = -50kV/cm, for which g[n ] = —0.01. Fig.QJc) cor- 
responds to £3 = lOOkV/cm, for which g[no] = +0.01. 
For a magnetic field rotated slightly (3.4°) from [110] to- 
wards the [001] direction, the spin precession axis will 
point as shown in Fig.[JJ(bc) for E% and E3. 

Figure [3] shows the results of a more extensive study 
as a function of dot shape and size. For E = the 
trends in g are similar to those reported earlier for both 
growth-direction [Til [25] ] and in-plane components [Til]. In 
Fig. [3Ja) the dot footprint is fixed and the height is 
changed. The results are plotted as a function of quan- 
tum dot energy gap. Fig. 0(b) shows similar results, 
but the height is fixed and the footprint is changed. 
The width of the bands corresponds to the change in 
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FIG. 2: g tensor components of a quantum dot as a function 
of an applied electric field along the [001] direction. The lens- 
shaped quantum dot has a height of 6.2 nm, base diameter in 
the [110] direction of 15.6 nm and base diameter in the [110] 
direction of 9.2 nm. gmo] crosses from negative to positive 
near 50kV/cm. 



g as the electric field is changed from -lOOkV/cm to 
lOOkV/cm. As shown in Fig. GD^a), for all three elon- 
gations (= d[no]/rf[iio]) there is a height, corresponding 
to a quantum dot energy gap of ~ 1.14eV, for which g[no] 
will change sign with applied electric field. As shown in 
Fig. EHb), however, for fixed height and varying footprint 
gjxio] w iH change sign with applied electric field for dots 
with gaps that vary by over 50 meV, permitting some 
tuning of the optical excitation energy of an optimized 
dot. 

In all cases the smaller dots have larger quantum 
dot energy gaps, due to the increased confinement of 
both electrons and holes. Increased electron confinement 
quenches the orbital angular momentum of the electronic 
wavefunction [14j and drives the g tensor closer to the free 
electron value of 2. Thus dots with larger B 9 's will have 
g tensors closer to 2, a trend visible in Fig.[3l A positive 
electric field {E\ and E% in Fig. Q} pushes the electronic 
wave function towards the base of the dot, whereas a 
negative electric field (E2 in Fig. [J) pushes it towards 
the apex. The electric field dependence of the g tensor 
comes from several effects: confinement-induced angu- 
lar momentum quenching [3], changes in the dot energy 
gap due to the quantum confined Stark effect [26[, and 
variation in the heavy/light hole spitting from the elec- 
tron wave function overlapping different parts of the in- 
homogeneously strained dot. These effects, along with 
the anisotropy of the dot confining potential, produce 
anisotropy in the electric field dependence of the g ten- 
sor that is even more extreme than the anisotropy in the 
magnitude of g. 

We also find that dots with g tensor components that 
change sign are well-suited for resonant oscillation of the 
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FIG. 3: g tensor components for dots of different shapes 
and sizes, plotted as a function of the resulting energy gap of 
the dot. Each band corresponds to a fixed footprint shape, 
characterized by the elongation (= driioi/driio])- (a) Height 
is varied for elongations of 5/3, 5/4, and 1, with a fixed foot- 
print, corresponding to a 13 nm geometric mean of d[no] and 
d[iio]- (b) Footprint size is varied, with height fixed at 6.2 nm. 
The colors indicate the elongation of the dot (blue is 1, green 
is 5/4, red is 5/3). Application of an electric field (from 
— lOOkV/cm to +100kV/cm) modifies the g-factors within the 
color bands. The change within the band as the electric field 
is increased is indicated by the arrow in each panel. 

g tensor (g tensor modulation resonance [9(). Here the 
approach would be to use a static electric field and add 
a harmonically oscillating electric field. We linearize the 
field dependence of the components of the g tensor, 

g i (t) = g i0 + -^Ecos(ut), (3) 
and the resulting precession axis, 

n(t) = n + cos(wt)n t . (4) 

The optimal choice of magnetic field orientation for res- 
onant manipulation corresponds to that field orientation 
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where the component of fit transverse to Jlo is maxi- 
mized. The Rabi frequency is 

n Rabl = (1 - (ii t ■ n ) 2 ) 2 (5) 

To evaluate the Rabi frequency we neglect the depen- 
dence of g[ooi] on electric field over the range shown in 
Fig. [21 as that dependence is much smaller than the rel- 
ative changes of the in-plane components. We find that 
the largest Rabi frequencies can be achieved for any in- 
plane orientation of the magnetic field if the proper polar 
angle (measured from [001]) for B is chosen. For the dot 
characterized in Fig. [21 the optimal polar angle ranges 
from 7r/2 for an in-plane magnetic field parallel to [110] 
to tt/2 ± 7r/6 for an in-plane magnetic field parallel 
to [110]. The resulting Rabi frequency is approximately 



150 MHz for a 1 Tesla magnetic field, essentially the same 
as the spin precession frequency obtained for the geome- 
try shown in Fig.QJbc). Thus for a reasonable laboratory 
magnetic field of 10 Tesla the Rabi frequency would ex- 
ceed 1 GHz. 

Full control of a localized spin using a single growth- 
direction electric field applied using a nanoscale top gate 
should provide scalable methods of manipulating single 
spins in semiconductor quantum dot systems. The abil- 
ity to set the electric field to make g[no] vanish also al- 
lows the spin precession vector to be oriented parallel to 
the growth direction when desired, and permits the con- 
venient storage of optically-excited polarized spins until 
they are ready for manipulation. 

We acknowledge support from an ONR MURI and an 
NSF NIRT. 
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